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The bipartite geminiviruses bean golden mosaic virus (BGMV), cabbage leaf curl virus (CabLCV), and tomato golden mosaic
virus (TGMV) exhibit differential tissue tropism in Nicotiana benthamiana. In systemically infected leaves, BGMV remains
largely confined to vascular-associated cells (phloem-limited), whereas CabLCV and TGMV can escape into the surrounding
mesophyll. Previous work established that TGMV BRi, the noncoding region upstream from the BR1 open reading frame
(ORF), is required for mesophyll invasion, but the virus must also contain the TGMV AL23 or BL1/BR1 ORFs. Here we show
that, in a BGMV-based hybrid virus, CabLCV AL23 also directed efficient mesophyll invasion in conjunction with TGMV BRi,
which suggests that host-adaptation of AL23 is important for the phenotype. Cis-acting elements required for mesophyll
invasion were delineated by analyzing BGMV-based hybrid viruses in which various parts of BRi were exchanged with those
of TGMV. Interestingly, mesophyll invasion efficiency of hybrid viruses was not correlated with the extent of viral DNA
accumulation. In conjunction with TGMV AL23, a 52-bp region of TGMV BRi with sequence homology to DNA A was sufficient
for mesophyll invasion. This 52-bp sequence also directed mesophyll invasion in combination with the TGMV BL1/BR1 ORFs.
Overall, these results are consistent with a model for mesophyll invasion in which AL2 protein, in association with host
factors, acts through the 52-bp region in TGMV BRi to affect expression of the BR1 gene. © 2001 Elsevier ScienceKey Words: phloem-limited; mesophyll invasion; noncoding region; tomato golden mosaic virus; bean golden mosaic virus;
cabbage leaf curl virus.INTRODUCTION
Among animal-infecting viruses, the determinants of
tissue tropism are frequently virion proteins that interact
with specific receptors on the surface of host cells (Tyler
and Fields, 1996). In contrast, plant viruses are generally
thought to spread symplastically through plasmodes-
mata that connect adjacent cells (reviewed by Carrington
et al., 1996). Despite the absence of an obvious extra-
cellular phase during their movement through the host,
plant viruses can exhibit distinct tissue tropism. A clas-
sically recognized tissue-specific infection pattern is that
of phloem-limitation, in which virus infection is confined
to cells within the vascular bundle. In contrast, meso-
phyll-invasive viruses are able to escape from the vas-
cular system in systemically infected leaves. Although
plant virus tissue tropism has a long history of descrip-
tive study, only recently has work been initiated to eluci-
date the underlying molecular mechanisms (reviewed by
Nelson and van Bel, 1998; Santa Cruz, 1999).
Phloem-limitation of a plant virus infection could con-
ceivably arise in several different ways. One possibility
would be that the movement proteins cannot function in
mesophyll cells, or are unable to mediate the initial
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311escape from the vascular system into the mesophyll.
Second, virus exit from the vascular bundles in a leaf
may only be possible prior to the sink–source transition
(Roberts et al., 1997). Consequently, a virus that moved
inefficiently through the vascular system might remain
phloem-limited because it missed this window of oppor-
tunity to transport into the mesophyll of systemically
infected leaves. Recently, another alternative mechanism
for phloem-limitation based on putative tissue-specific
host defense responses was proposed (Voinnet et al.,
1999), although this model has yet to be verified experi-
mentally (Savenkov and Valkonen, 2001). Not only are
there a variety of possible underlying mechanisms, but
also in at least some cases plant virus tissue tropism can
be altered dynamically by factors such as environmental
conditions (Ding et al., 1999), or the developmental stage
of the host (Wang et al., 1996).
Bipartite geminiviruses in the genus Begomovirus pro-
vide an ideal system with which to study genetic deter-
minants of plant virus tissue tropism. Viruses that are
closely related genetically, such as tomato golden mo-
saic virus (TGMV) and bean golden mosaic virus (BGMV),
nevertheless exhibit distinct tissue tropism in a common
host plant (Morra and Petty, 2000). The genome of each
virus comprises two circular DNA molecules, designated
A and B, between which are distributed several homol-
ogous open reading frames (ORFs) and noncoding re-
gions (NCRs) (Fig. 1). Proteins encoded by DNA A are
involved in replication (AL1, AL3) and encapsidation
0042-6822/01 $35.00
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312 QIN AND PETTY(AR1) of the viral genome, while those encoded by DNA
B (BL1, BR1) are required for its cell-to-cell movement. It
is generally accepted that BR1 is required for intracellu-
lar movement of viral DNA between the nucleus and the
cytoplasm (Sanderfoot et al., 1996) and that BL1 func-
tions at the cell periphery to mediate intercellular move-
ment (Noueiry et al., 1994). Specific interaction between
BL1 and BR1 is necessary for cell-to-cell movement
(Sanderfoot and Lazarowitz, 1995; Schaffer et al., 1995),
but other details of the process remain controversial.
Bipartite geminiviruses also encode a protein, AL2,
which functions to up-regulate expression of the AR1
(coat protein) and BR1 (movement protein) genes (Sunter
and Bisaro, 1992, 1997). The NCRs on each genome
component contain cis-acting elements required for DNA
replication and gene expression and comprise a com-
mon region (CR) together with unique sequences, ARi,
BRi, and BLi, that lie between CR and the ORFs (Fig. 1).
Both BGMV and TGMV can infect Nicotiana benthami-
ana, but only TGMV is well adapted to this host (Petty et
al., 1995). In systemically infected leaves BGMV is
phloem-limited, while TGMV is mesophyll-invasive
(Morra and Petty, 2000). The determinants of this differ-
ential tissue tropism were analyzed using hybrid viruses
in which homologous genome fragments were ex-
changed between BGMV and TGMV. Viruses that re-
mained phloem-limited in systemically infected leaves
nevertheless were able to replicate in and spread be-
tween mesophyll cells in directly inoculated leaves. Con-
sequently, phloem-limitation in this system likely repre-
sents a specific block to virus movement at the level of
escape from the vasculature. Three regions of the TGMV
genome contribute to mesophyll invasion: the BRi NCR is
FIG. 1. Schematic illustration of bipartite geminivirus genome orga-
nization. Open arrows indicate the location and direction of transcrip-
tion of open reading frames (ORFs). Intergenic sequences common to
the A and B components of a given virus, the common region (CR), are
depicted by open boxes. Unique noncoding regions (NCRs) between
CR and the AR1, BR1, and BL1 ORFs are designated ARi, BRi, and BLi
and depicted by thin lines. The position of the 52-bp AL-homology
region in TGMV AL1 and BRi is indicated by a solid diamond. Shaded
arcs highlight the AL23 ORFs and BRi NCR, which were the focus of
this study.essential, but it must be present in combination with
either the AL23 ORFs or the BL1/BR1 ORFs (Morra andPetty, 2000). Genetic complementation further showed
that the contribution of the AL23 ORFs is mediated by the
AL2 protein. Mesophyll invasion also required optimal
interaction between the BR1 and BL1 proteins, which
implicates a direct role for cell-to-cell movement in de-
termining the phenotype. To accommodate these genetic
results, it was proposed that mesophyll invasion requires
a critical threshold of BR1 protein activity. Under the
control of promoter elements contained within TGMV
BRi, the putative threshold could be attained either
through intrinsically greater activity of the TGMV BR1
protein in comparison to BGMV BR1 or through an in-
creased efficiency of gene expression mediated by the
TGMV AL2 protein.
In the previous study, a role in determination of tissue
tropism was established for TGMV BRi and AL2, which
contribute, respectively, cis- and trans-acting functions
required for BR1 gene expression (Sunter and Bisaro,
1992). However, because TGMV is much better adapted
to N. benthamiana than is BGMV, it remained unclear
whether these results reflected virus-specific interaction
between TGMV BRi and AL2, or host-specific adaptation
of these elements individually (Petty et al., 2000). In an
attempt to distinguish between these alternatives, here
we investigated the host adaptation and contribution to
tissue tropism of the AL23 ORFs from cabbage leaf curl
virus (CabLCV), a distinct bipartite geminivirus that is
well-adapted to N. benthamiana. Additionally, we used
hybrid viruses to more precisely define the presumptive
cis-acting sequences within the TGMV BRi NCR that are
required to direct mesophyll invasion.
RESULTS
CabLCV efficiently invades the mesophyll of N.
benthamiana
It was shown previously that a BGMV-based hybrid
virus with TGMV BRi was phloem-limited in N. benthami-
ana if the virus contained the BGMV AL23 region, but
mesophyll-invasive if it contained the TGMV AL23 region
(Morra and Petty, 2000). Because the hybrid virus was
mesophyll-invasive only when it contained both AL23
and BRi from TGMV, this observation could indicate that
the efficiency of interactions between the AL23 region
and the BRi NCR is affected in a virus-specific manner.
Alternatively, because TGMV is well-adapted to N.
benthamiana, whereas BGMV is not, the result could
indicate that better host-adaptation of the TGMV AL23
region is responsible for directing mesophyll invasion in
the presence of TGMV BRi. Potentially, these alternative
explanations could be distinguished by analysis of an-
other bipartite geminivirus that is well-adapted to this
host but not obviously more closely related to TGMV than
to BGMV. Sequence comparisons indicated that CabLCV
met the latter condition (data not shown), and as judged
by the criteria of symptom severity and high levels of viral
region
cell w
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benthamiana (Hill et al., 1998). However, the tissue tro-
pism of CabLCV in this host had not previously been
described.
To determine the tissue tropism of CabLCV in N.
benthamiana, plants were inoculated by microprojectile
bombardment with plasmids containing partial tandem
dimers of the CabLCV A and B DNA components. Sys-
temic infections were allowed to develop, and at 14 days
postinoculation (dpi) tissue samples were taken from
strongly symptomatic leaves two nodes below the apex
of the plant. Leaf tissue was fixed in paraformaldehyde,
sectioned, and subjected to DNA in situ hybridization
with a digoxigenin (DIG)-labeled RNA probe complemen-
tary to the virion-sense strand of the CabLCV A compo-
nent. Incubation of the probe with tissue sections from
uninfected control plants showed no nonspecific label-
ing (Fig. 2A), whereas numerous infected cells including
many in the mesophyll could be distinguished in sec-
tions made from CabLCV-infected plants (Fig. 2B). Previ-
ously, the mesophyll invasion efficiency exhibited by dif-
ferent viruses in systemically infected N. benthamiana
leaves was determined by counting virus-infected cells
and characterizing them as vascular-associated (com-
panion cells, parenchyma, or bundle sheath cells) or
mesophyll (spongy or palisade cells). When this analysis
was applied to CabLCV, the examination of only five
tissue sections allowed us to unambiguously identify 414
FIG. 2. In situ localization of CabLCV and BGMV-based hybrid virus
leaves of N. benthamiana were hybridized with DIG-labeled RNA prob
optics. (A) Section from an uninfected plant incubated with the CabL
CabLCV-infected plant hybridized with the CabLCV-specific probe. Infe
the vasculature. (C) Section from a plant infected with a BGMV-based
with wild-type BGMV B) hybridized with the BGMV-specific probe. Inf
infected with a BGMV-based hybrid virus containing the CabLCV AL23
cells in the vascular system and a single infected palisade mesophyllvirus-infected cells, of which 130 were vascular-associ-
ated (;31%) and the remaining 284 were in the meso-phyll (;69%). Consistent with results obtained previously
(Morra and Petty, 2000), a parallel examination of sec-
tions from TGMV-infected control plants revealed that of
414 virus-infected cells, 306 were in the mesophyll
(;74%). Thus, CabLCV can invade the mesophyll of sys-
temically infected N. benthamiana leaves, and its meso-
phyll invasion efficiency does not differ significantly from
that of TGMV (P . 0.05 by x2 test).
The CabLCV AL23 region is host-adapted
In addition to its accessory role in mesophyll invasion,
the AL23 region of TGMV could individually confer on a
BGMV-based hybrid virus (BT-AL23) increased adapta-
tion to N. benthamiana (Gillette et al., 1998). To determine
whether host-adaptation of TGMV and CabLCV was sim-
ilar in this respect, we replaced the BGMV AL23 region
with that from CabLCV to generate a BGMV-based hybrid
DNA A component (BC-AL23). The viability of the hybrid
DNA component was tested by coinoculation of N.
benthamiana with BC-AL23 and wild-type BGMV DNA B.
Infected plants developed small, pale chlorotic lesions
on inoculated leaves, and mottling and mild epinasty of
upper leaves. These symptoms were similar to those
induced by BT-AL23, the equivalent BGMV-based hybrid
virus that contained the TGMV AL23 region. Analysis by
Southern hybridization of DNA extracted from systemi-
cally infected leaves showed that BC-AL23 and BT-AL23
the CabLCV AL23 region. Sections made from systemically infected
viewed at 3400 magnification with differential interference contrast
cific probe. No nonspecific signal was detected. (B) Section from a
lls were detected in the palisade and spongy mesophyll, as well as in
virus containing only the CabLCV AL23 region (BC-AL23 coinoculated
ells were confined to the vascular system. (D) Section from a plant
and TGMV BRi (BC-AL23 coinoculated with BT-BRi). Several infected
ere detected in this section.es with
es and
CV-spe
cted ce
hybrid
ected calso accumulated to a similar extent when coinoculated
with wild-type BGMV B (Fig. 3). It was shown previously
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DNA than wild-type BGMV (Gillette et al., 1998). Analysis
of systemically infected leaves by DNA in situ hybridiza-
tion revealed ,3% mesophyll cells among all those in-
fected by BC-AL23 (Fig. 2C). Similar results were also
obtained for BT-AL23 in this study (data not shown) and
previously (Morra and Petty, 2000). Thus, the CabLCV
AL23 region is similar to that of TGMV in conferring
increased adaptation to N. benthamiana on a BGMV-
based hybrid virus without altering its phloem-limited
tissue tropism.
Host-adaptation of the AL23 region contributes to
mesophyll invasion
Although BT-AL23 remains phloem-limited when coin-
oculated with wild-type BGMV B, it is able to efficiently
invade the mesophyll of systemically infected N.
benthamiana leaves when coinoculated with BT-BRi, a
BGMV-based hybrid DNA B component with the TGMV
BRi NCR (Morra and Petty, 2000). To test whether the
similarity between BT-AL23 and BC-AL23 also extended
to this phenotype, each hybrid A component was coin-
oculated to N. benthamiana with BT-BRi. Plants infected
with BT-AL23 plus BT-BRi developed relatively severe
symptoms consisting of large chlorotic lesions on inoc-
ulated leaves and vein yellowing, interveinal chlorosis,
and distortion of upper leaves. In contrast, plants in-
fected with BC-AL23 plus BT-BRi developed only mild
symptoms, similar to those induced by BC-AL23 when
coinoculated with wild-type BGMV B. Southern hybrid-
ization of extracts from systemically infected leaves re-
FIG. 3. Accumulation of DNA by BGMV-based hybrid viruses ana-
lyzed by Southern hybridization. Pairs of N. benthamiana plants were
inoculated with BGMV-based viruses containing the indicated combi-
nations of BRi and AL23 from BGMV (B), CabLCV (C), or TGMV (T). At
14 dpi, total cellular DNA was extracted and 1-mg aliquots were elec-
trophoresed and Southern blotted. The blot was hybridized to a restric-
tion fragment from the BGMV AR1 ORF which cross-hybridizes equally
to each of the hybrid viruses. The relative positions of open-circular (oc)
and supercoiled (sc) dsDNA, and single-stranded (ss) viral DNA forms,
are indicated on the left.vealed that the severity of induced symptoms was cor-
related with the extent of viral DNA accumulation in eachcase (Fig. 3). The accumulation of BC-AL23 was similar
whether it was coinoculated with a B component con-
taining BGMV BRi (wild-type BGMV B) or one containing
TGMV BRi (BT-BRi). In contrast, the accumulation of BT-
AL23 was increased when it was coinoculated with BT-
BRi. Despite their differences in relative viral DNA accu-
mulation and symptom severity when coinoculated with
BT-BRi, DNA in situ hybridization revealed that BC-AL23
and BT-AL23 nevertheless were able to invade the me-
sophyll of systemically infected leaves with similar effi-
ciency. For BC-AL23 plus BT-BRi, 138 of 273 (;51%)
unambiguously identified virus-infected cells were in the
mesophyll (Fig. 2D). Consistent with previous results for
BT-AL23 plus BT-BRi (Morra and Petty, 2000), 276 of 501
virus-infected cells were found in the mesophyll (;56%).
Mesophyll invasion efficiencies when coinoculated with
BT-BRi were not significantly different for BC-AL23 and
BT-AL23 (P . 0.05 by x2 test). Thus, host-specific adap-
tation of AL23 may contribute to efficient mesophyll in-
vasion in this system.
BGMV-based hybrid viruses with recombinant BRi
sequences
Although the AL23 or BL1/BR1 ORFs act as accessory
factors, the presence of TGMV BRi is essential for me-
sophyll invasion by BGMV-based hybrid viruses in sys-
temically infected leaves of N. benthamiana (Morra and
Petty, 2000). We wished to determine whether the ability
to direct mesophyll invasion could be mapped to a sub-
set of the sequences contained in TGMV BRi. Compari-
son of BRi sequences between BGMV and TGMV re-
vealed that they differ almost completely and only a few
common elements could be identified. Namely, a con-
served stem-loop structure that delimits the minimal rep-
lication origin (Orozco et al., 1998), and CCAAT- and
TATA-box sequence motifs. A prominent, unique feature
of TGMV BRi is the presence of a 52-bp region with
sequence homology to the AL1 gene (depicted by solid
diamonds in Fig. 1). Specifically, DNA B nucleotides
297–348 have 88% identity to DNA A nucleotides 1789–
1840 (Hamilton et al., 1984). The potential contribution of
this AL-homology region to mesophyll invasion was se-
lected for further investigation.
To facilitate analysis of the TGMV BRi sequence, it was
arbitrarily divided into 59-proximal (T5), AL-homology
(AL), and 39-proximal (T3) regions (Fig. 4). The BGMV BRi
sequence was also divided into a 59-proximal region (B5)
of approximately similar size to T5, and a 39-proximal
region (B3) which corresponded approximately to the
combined size of the AL-homology region (52-bp) and T3
(Fig. 4). The genotypes of the wild-type BRi sequences
could then be described as T5[AL]T3 for TGMV, and B5[ ]
B3 for BGMV. Site-directed mutagenesis was used to
separately introduce a unique MluI restriction site at
either the T5–AL or AL–T3 junction in BT-BRi, the BGMV-
315BIPARTITE GEMINIVIRUS TISSUE TROPISMbased hybrid DNA B with TGMV BRi, and at the arbitrary
B5–B3 junction in BRi of wild-type BGMV B (Fig. 4). When
coinoculated with BT-AL23, each restriction site mutant
retained the expected tissue tropism in systemically in-
fected leaves of N. benthamiana; i.e., phloem-limited for
the BGMV B restriction site mutant, and mesophyll-inva-
sive for the two BT-BRi restriction site mutants (data not
shown). Plasmids containing partial tandem dimers of
the three restriction site mutants were then used to
construct BGMV-based hybrid B components with each
of the six possible recombinant BRi genotypes (T5[ ]T3,
T5[AL]B3, T5[ ]B3, B5[AL]T3, B5[ ]T3, and B5[AL]B3).
Note that these hybrid B components differ from wild-
type BGMV only in the sequence of BRi, and for clarity
they will be referred to here only by their recombinant
BRi genotype.
Different features of BRi determine viral DNA
accumulation and mesophyll invasion
Each of the BGMV-based BRi recombinants was viable
and able to infect N. benthamiana systemically when
coinoculated with BT-AL23, a BGMV-based hybrid A
component with the TGMV AL23 region (Fig. 5). However,
the symptoms that were induced, as well as the extent of
viral DNA accumulation, differed depending on the se-
quence composition of BRi (Table 1). Pairwise compari-
sons suggested that 59-proximal sequences of BRi con-
tributed the most to efficient viral DNA accumulation.
Specifically, all recombinants with T5 accumulated more
efficiently than the otherwise equivalent recombinants
that had B5. It was also noted that BRi recombinants with
FIG. 4. Schematic illustration of BRi NCRs from TGMV (top) and
BGMV (bottom). The BRi NCR is delimited by a stem-loop structure (left)
at the junction with CR and by the 59 end of the BR1 ORF (right). TGMV
BRi contains a 52-bp sequence homologous to the AL1 gene (AL;
shaded) flanked by unique 59-proximal (T5) and 39-proximal (T3) se-
quences (thick solid lines). BGMV BRi (bottom) was arbitrarily divided
into 59-proximal (B5) and 39-proximal (B3) regions (thick open lines).
Both BRi NCRs contain CCAAT- and TATA-box motifs, but are otherwise
dissimilar in sequence. The locations of MluI restriction sites intro-
duced to facilitate reassortment between the BGMV and TGMV BRi
sequences are also shown. MluI sites at locations (a) and (b) were
introduced separately into TGMV BRi contained in the BGMV-based
hybrid B component, BT-BRi.T3 accumulated more efficiently if they also contained
the AL-homology region than if they did not, whereasthose with B3 accumulated more efficiently if they did not
contain the AL-homology region (Table 1). Because the
arbitrarily determined size of B3 approximately equals
that of T3 plus the 52-bp AL-homology region (Fig. 4), the
recombinant BRi sequences in genotypes X5[ ]B3 and
X5[AL]T3 (where X 5 B or T) are similar in size to the
wild-type BRi NCR. In contrast, in X5[ ]T3 recombinants
the NCR is ;52 bp smaller than normal, and in X5[AL]B3
recombinants it is ;52 bp larger than normal. Thus, the
overall size of the NCR, or the spacing of the remaining
sequence elements, may be important for optimal DNA
accumulation by BRi recombinant viruses.
Systemically infected leaves were also analyzed by
DNA in situ hybridization to evaluate the tissue tropism of
the BRi recombinants when they were coinoculated with
BT-AL23. Representative results of DNA in situ hybridiza-
tion are illustrated for hybrid viruses with each of the six
possible recombinant BRi genotypes (Fig. 6). Quantita-
tive identification of virus-infected cells in these and
many similar tissue sections revealed that BRi recombi-
nants differed in their relative efficiencies of mesophyll
invasion when coinoculated with BT-AL23 (Table 2). From
comparison of these results it is clear that, in the pres-
ence of TGMV AL23, the AL-homology region of TGMV
BRi is necessary for efficient mesophyll invasion. All BRi
recombinants with the AL-homology region were meso-
phyll-invasive in systemically infected leaves, while
those which lacked this sequence were unable to es-
cape efficiently from the vascular system. The difference
between average mesophyll invasion efficiencies of hy-
brid viruses with genotypes X5[AL]X3 (50.8%) and
X5[ ]X3 (6.6%) was highly significant (P , 0.0001 by
FIG. 5. Accumulation of DNA by BGMV-based hybrid viruses with
recombinant BRi sequences and the TGMV AL23 region analyzed by
Southern hybridization. Pairs of N. benthamiana plants were inoculated
with BGMV-based viruses containing the TGMV AL23 region and hav-
ing the recombinant BRi genotypes indicated. At 14 dpi, total cellular
DNA was extracted and 1-mg aliquots were electrophoresed and
Southern blotted. The blot was hybridized to a restriction fragment from
the BGMV AR1 ORF. The relative positions of open-circular (oc) and
supercoiled (sc) dsDNA, and single-stranded (ss) viral DNA forms, are
indicated on the left.
per, sy
lso rat
316 QIN AND PETTYStudent’s t test). It was noteworthy that in B5[AL]B3,
insertion of the AL-homology region into an otherwise
wild-type BGMV BRi was sufficient to confer a meso-
phyll-invasive phenotype (Fig. 6). However, although the
AL-homology region is the primary determinant of meso-
phyll invasion in TGMV BRi, 59-proximal and 39-proximal
sequences can also contribute to the phenotype. This
was suggested by the intermediate mesophyll invasion
efficiencies of certain BRi recombinants, particularly
T5[ ]T3 (;10%) and T5[ ]B3 (;8%), which were above
the background level conferred by wild-type BGMV BRi
(;3%). Also, among BRi recombinants that contained the
AL-homology region, T5[AL]T3 and B5[AL]B3 were more
efficient at invading the mesophyll than were T5[AL]B3
and B5[AL]T3 (P , 0.05 by x2 test). This further suggests
that virus-specific compatibility, and possibly communi-
cation, between the 59-proximal and 39-proximal se-
quences of BRi contributes quantitatively to the pheno-
type.
Taken together, these results show that efficient viral
DNA accumulation can be genetically uncoupled from
mesophyll invasion. After BT-BRi, which contains the
complete TGMV BRi sequence (genotype T5[AL]T3), the
T
Relative Viral DNA Accumulation and Symptoms In
with Recombinant BRi Seque
BRi genotypea
DNA
Accumulationb
A B Inocu
T5[AL]T3 (BT-BRi) 100 100
.3-mm-dia
chlorotic
T5[ ]T3 74 64
.3-mm, ch
(many irr
T5[AL]B3 33 8
2- to 3-mm
chlorotic
T5[ ]B3 100 76
.3-mm, cir
lesions
B5[AL]T3 34 26
2- to 3-mm
chlorotic
B5[ ]T3 19 18
1- to 2-mm
chlorotic
B5[AL]B3 12 2
;1-mm circ
lesions
B5[ ]B3 (BGMV B) 46 34
;1-mm circ
lesions
a Plants were inoculated by microprojectile bombardment with plas
based DNA B components with the recombinant BRi genotypes show
b Accumulation of viral DNA A and B in upper, systemically infected
control, was determined by Southern hybridization and PhosphorImage
6–10 individual plant samples for each hybrid virus.
c Induced symptoms were recorded on directly inoculated, and up
accumulation, symptom severity on systemically infected leaves was aBRi recombinants T5[ ]B3 and T5[ ]T3 exhibited the
highest levels of viral DNA accumulation (Table 1). TheseBRi recombinants, which lack the AL-homology region,
were poorly mesophyll invasive (Table 2). In contrast, the
BRi recombinant B5[AL]B3, which was able to efficiently
invade the mesophyll, had the lowest level of viral DNA
accumulation of any hybrid virus tested (Table 1). Fur-
thermore, comparison of the relative symptom severity
associated with the various BRi recombinants revealed
that it was closely correlated with the efficiency of viral
DNA accumulation (Table 1), but was not correlated with
mesophyll invasion.
The 52-bp AL-homology region of TGMV BRi also
directs mesophyll invasion in combination with the
TGMV BL1/BR1 ORFs
A BGMV-based hybrid virus with the complete se-
quence of TGMV BRi can invade the mesophyll if it also
contains either the AL23 region or the BL1/BR1 ORFs of
TGMV (Morra and Petty, 2000). Since the analysis of
hybrid viruses with recombinant BRi sequences revealed
that the AL-homology region was the primary determi-
nant of mesophyll invasion in combination with TGMV
AL23, we wished to determine whether it could also
in N. benthamiana by BGMV-Based Hybrid Viruses
nd the TGMV AL23 Region
Symptomsc
eaf Upper leaf Rating
irregular Epinasty, erratic vein-clearing,
large bright yellow flecks 1111
esions
Epinasty, erratic vein-clearing,
medium bright yellow
flecks 111
r, Occasional erratic vein-
clearing 1
lorotic Epinasty, erratic vein-clearing,
small bright yellow flecks 111
r,
Mild epinasty, mild mottle 11
r,
Mild epinasty 1
hlorotic
Mild epinasty 1
hlorotic
Mild epinasty, mild mottle 11
ontaining the BGMV-based hybrid A component BT-AL23 and BGMV-
, each expressed as a percentage of the BT-AL23 1 BT-BRi positive
sis using cloned BGMV DNA standards. Values represent the mean of
stemically infected leaves. For ease of comparison with viral DNA
ed on an arbitrary scale (1, least severe; 1111, most severe).ABLE 1
duced
nces a
lated l
meter,
lesions
lorotic l
egular)
circula
lesions
cular ch
circula
lesions
circula
lesions
ular, c
ular, c
mids c
n.
leaves
r analyfunction in this capacity when combined with TGMV
BL1/BR1. The recombinant BRi sequence B5[AL]B3 was
ed RNA probe and viewed at 3400 magnification with differential interference
317BIPARTITE GEMINIVIRUS TISSUE TROPISMintroduced into a BGMV-based hybrid B component with
the TGMV BL1/BR1 ORFs (BTLR) to generate a double
hybrid, BTLR1AL. The BRi recombinant B5[AL]B3, the
hybrid BTLR, and the double-hybrid BTLR1AL were each
coinoculated to N. benthamiana with wild-type BGMV
DNA A. No symptoms were observed on the upper
leaves of plants inoculated with any of the three hybrid
viruses, but Southern hybridization of DNA extracted
from such leaves at 14 dpi showed that for each, sys-
temic infections had developed (Fig. 7). When systemi-
cally infected leaves were analyzed by DNA in situ hy-
bridization, the double-hybrid BTLR1AL was found to
invade the mesophyll, while as expected the single hy-
brids B5[AL]B3 and BTLR were phloem-limited (Table 3).
The efficiency of mesophyll invasion by BTLR1AL, the
double hybrid with the BRi AL-homology region and
TGMV BL1/BR1 ORFs, was significantly above the back-
ground level of the single hybrids (Table 3), but it was
lower than the efficiency of mesophyll invasion conferred
by the complete TGMV BRi sequence in combination
with TGMV BL1/BR1 (Morra and Petty, 2000). Thus, al-
though the AL-homology region of TGMV BRi is able to
direct mesophyll invasion in combination with the TGMV
BL1/BR1 ORFs, these results suggest that optimal effi-
FIG. 6. In situ localization of BGMV-based hybrid viruses with recom
leaves of N. benthamiana plants systemically infected by BGMV-based v
indicated. All sections were hybridized with a BGMV-specific DIG-label
contrast optics.binant BRi sequences and the TGMV AL23 region. Sections were made from
iruses with the TGMV AL23 region and having the recombinant BRi genotypesciency may require other features of the complete TGMV
BRi NCR.TABLE 2
Tissue Tropism in N. benthamiana Systemically Infected Leaves of
BGMV-Based Hybrid Viruses with Recombinant BRi Sequences and
the TGMV AL23 Region
BRi genotypea
Cells infectedb
V M T M/T% x2
T5[AL]T3 (BT-BRi) 225 276 501 56.1 †
T5[AL]B3 164 143 307 46.6 ‡
B5[AL]T3 55 40 99 40.4 ‡
B5[AL]B3 75 112 187 59.9 †
T5[ ]T3 188 22 214 10.3 §
T5[ ]B3 157 14 171 8.2 §
B5[ ]T3 103 5 109 4.6 §
B5[ ]B3 (BGMV B) 31 1 32 3.1 §
a Plants were inoculated by microprojectile bombardment with plas-
mids containing the BGMV-based hybrid A component BT-AL23 and
various BGMV-based DNA B components with the recombinant BRi
genotypes shown.
b Infected cells were detected by DNA in situ hybridization and those
that could be identified unambiguously as vascular associated (V) or
mesophyll (M) were scored. The total number (T) of infected cells
identified (where T 5 V 1 M) and the percentage of the total that were
mesophyll cells (M/T%) are also given. Mesophyll invasion efficiencies
2that were not significantly different (P . 0.05 by x - test) are indicated
by the same symbols under x2.
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The adaptation of TGMV to N. benthamiana is appar-
ent from the high levels of viral DNA accumulation in
infected tissues, the severity of the symptoms induced,
and the ability of the virus to spread extensively into the
mesophyll of systemically infected leaves. Mesophyll in-
vasiveness could be conferred on a BGMV-based hybrid
virus by the TGMV BRi NCR in combination with the
TGMV AL23 region (Morra and Petty, 2000). In this study,
we found that efficient mesophyll invasion could be ge-
netically separated from viral DNA accumulation and
symptom severity, which cosegregated. Sequence
changes in either BRi or the AL23 region revealed the
effect. For BGMV-based hybrid viruses with TGMV BRi,
the presence of TGMV AL23, but not CabLCV AL23,
resulted in increased levels of viral DNA accumulation
and symptom severity. Nevertheless, viruses with either
AL23 region were able to efficiently invade the meso-
phyll. For BGMV-based hybrid viruses with TGMV AL23,
the presence of the AL-homology region in BRi was
necessary for efficient mesophyll invasion, whereas T5
and the size and/or spacing of other elements in BRi
were the principal determinants of DNA accumulation
efficiency and symptomatology. Since they can be genet-
ically separated, mesophyll invasion and viral DNA ac-
cumulation/symptomatology must represent distinct as-
pects of host-adaptation in this system. An association
between symptom severity and the accumulation of
FIG. 7. Accumulation of DNA by BGMV-based hybrid viruses with
recombinant BRi sequences and/or the TGMV BL1/BR1 ORFs analyzed
by Southern hybridization. Pairs of N. benthamiana plants were inocu-
lated with BGMV-based viruses containing the BGMV BRi NCR, either
with (B5[AL]B3) or without (B5[ ]B3) the 52-bp AL-homology region from
TGMV BRi, and the BL1/BR1 ORFs from either BGMV (B) or TGMV (T).
At 14 dpi, total cellular DNA was extracted and 1-mg aliquots were
electrophoresed and Southern blotted. The blot was hybridized to a
restriction fragment from the BGMV AR1 ORF. The relative positions of
open-circular (oc) and supercoiled (sc) dsDNA, and single-stranded
(ss) viral DNA forms, are indicated on the left.geminiviral DNA, particularly that of the B component,
has been noted previously (Frischmuth et al., 1993; Houet al., 1998; Hung and Petty, 2001; Unseld et al., 2000). In
addition, the lack of correlation between mesophyll in-
vasion and symptomatology we observed is consistent
with the ability of phloem-limited geminiviruses to cause
symptoms in the surrounding mesophyll (Horns and
Jeske, 1991).
The extent of viral DNA accumulation in infected tis-
sues is a function of DNA replication in individual cells
and the number of cells that become infected. Although
AL1 mutations may cause cell type-dependent DNA ac-
cumulation phenotypes (Kong et al., 2000), the hybrid A
component BT-AL23 has a wild-type BGMV AL1 protein
and replication origin and would be expected to replicate
efficiently in all cell types. Thus, when coinoculated with
various BRi recombinants, the accumulation of BT-AL23
DNA should be proportional to the number of infected
cells. Since all the BRi recombinants encoded wild-type
BGMV movement proteins, differences in the accumula-
tion of coinoculated BT-AL23 DNA most likely reflects
differences in movement protein gene expression. Ef-
fects on BR1 expression would be anticipated because
BRi contains proximal elements of the BR1 gene pro-
moter (Sunter and Bisaro, 1992), but decreased replica-
tion or cell-to-cell movement of DNA B could also affect
BL1 expression.
If viral DNA accumulation depends on the number of
infected cells, at first sight it may seem counterintuitive
that this phenotype can be genetically separated from
mesophyll invasion. However, even an aggressive, me-
sophyll-invasive virus such as TGMV infects only a small
proportion of all the potentially available cells in a leaf.
So, it is reasonable to suppose that a phloem-limited
virus that accumulates DNA efficiently is simply one that
TABLE 3
Tissue Tropism in N. benthamiana Systemically Infected Leaves of
BGMV-Based Hybrid Viruses with Recombinant BRi Sequences and
the TGMV BL1/BR1 ORFs
Hybrid virus genotypea Cells infectedb
BRi BL1/BR1 V M T M/T% F
B5[ ]B3 BGMV (BGMV B) 52 2 54 3.7 §
B5[ ]B3 TGMV (BTLR) 42 2 44 4.5 §
B5[AL]B3 BGMV 42 2 44 4.5 §
B5[AL]B3 TGMV (BTLR 1 AL) 115 51 166 30.7 ‡
a Plants were inoculated by microprojectile bombardment with plas-
mids containing the wild-type BGMV A component and either wild-type
BGMV B or BGMV-based hybrid B components with the AL-homology
region from TGMV BRi and/or the TGMV BL1/BR1 ORFs.
b Infected cells were detected by DNA in situ hybridization and those
that could be identified unambiguously as vascular associated (V) or
mesophyll (M) were scored. The total number (T) of infected cells
identified (where T 5 V 1 M) and the percentage of the total that were
mesophyll cells (M/T%) are also given. Mesophyll invasion efficiencies
that were not significantly different (P . 0.05 by Fisher’s exact test) are
indicated by the same symbols under F.
319BIPARTITE GEMINIVIRUS TISSUE TROPISMcan readily infect numerous vascular-associated cells.
This phenotype could result from enhanced movement
through, or exit from, the sieve tubes, enhanced move-
ment between adjacent vascular-associated cells, or
some combination of these effects. For clarity we will
refer to this simply as efficient vascular movement. In
contrast, mesophyll invasion requires that the virus has
the capability to efficiently cross the bundle sheath–
mesophyll cell boundary (Morra and Petty, 2000). A virus
that lacked factors for efficient vascular movement, but
retained those required for mesophyll invasion, would be
able to infect relatively few cells, although a significant
proportion of those infected might be in the mesophyll.
To explain the genetic data, we therefore propose that
the determinants of viral DNA accumulation efficiency
and mesophyll invasion that we have identified corre-
spond to factors required for efficient viral movement,
either within the vascular system, or between bundle
sheath cells and mesophyll cells, respectively. A corol-
lary of this interpretation is that tissue tropism in this
system is not determined simply by kinetic differences in
virus systemic movement in relationship to the transport
window into mesophyll cells afforded prior to the sink–
source transition (Roberts et al., 1997).
Three distinct genetic elements of TGMV have been
implicated in determining mesophyll invasion: namely,
the BRi NCR and the AL23 or BL1/BR1 ORFs (Morra and
Petty, 2000). A model for the underlying mechanism that
incorporated all three elements was proposed. It was
hypothesized that a threshold of BR1 protein activity was
necessary for mesophyll invasion. With host-adapted el-
ements of the BR1 gene promoter contained in TGMV
BRi, the putative threshold could be reached either by
increased host-adaptation of the BR1 protein itself or by
increased BR1 gene expression mediated by a host-
adapted AL2 protein. The results of the present study are
consistent with this model and also allow some refine-
ments to be proposed. In accordance with the modular
structure of plant promoters (reviewed by Singh, 1998), it
is plausible that the AL-homology region and T5 se-
quences of TGMV BRi confer distinct patterns of gene
expression on the BR1 promoter through their ability to
recruit cell type-specific DNA binding proteins from the
host. Because mesophyll-invasive viruses can efficiently
cross the bundle sheath–mesophyll cell boundary, while
phloem-limited viruses cannot, the AL-homology region
may function specifically in bundle sheath cells. In con-
trast, T5 and other elements of the BR1 promoter collec-
tively function in other vascular cell types, as well as in
nonvascular cells. In addition to conferring basal activity
on the BR1 promoter in various cell-types, host proteins
bound to distinct regions of BRi could mediate activation
of the promoter through specific protein–protein interac-
tions with AL2 (Sung and Coutts, 1996; Hartitz et al.,
1999). Analogous tissue-specific variation in promoter
activity and interaction with the AL2 protein has beenreported for the TGMV AR1 promoter (Sunter and Bisaro,
1997). With the inclusion of these refinements, the result-
ing extended model can account for the tissue tropism
and DNA accumulation phenotypes of all the hybrid
viruses analyzed in this study.
Previously, a sequence termed the conserved late
element (CLE), which is found in the AR1 and/or BR1
promoters of several bipartite geminiviruses including
TGMV, was shown to confer a degree of AL2-responsive-
ness when inserted into a heterologous promoter (Ruiz-
Medrano et al., 1999). However, neither CabLCV nor
BGMV contain recognizable CLEs. Even so, the BGMV
AR1 and BR1 promoters can be trans-activated by TGMV
AL2 protein, and vice versa (Hung and Petty, 2001). Taken
together, these results indicate some redundancy be-
tween the CLE and other cis-acting sequences which
lead, probably indirectly, to the recruitment of AL2. This
would be consistent with a modular arrangement for the
TGMV BR1 promoter. Within T5 there are two CLE-like
sequences, and it is possible that they may contribute to
the apparent preference of TGMV BRi for the TGMV AL2
protein over those from BGMV or CabLCV. Interactions
between promoter modules can affect not only the tis-
sue-specificity, but also the level of gene expression
(Singh, 1998). Consequently, partial redundancy between
T5 and the AL-homology region could account for the
intermediate levels of mesophyll invasion seen for
BTLR1AL, and for the BRi recombinants T5[ ]T3 and
T5[ ]B3 in the presence of TGMV AL2. An intermediate
efficiency of mesophyll invasion might result from sto-
chastic effects if the level of BR1 protein accumulation
was close to, but did not routinely exceed, the putative
threshold required by our model.
The 52-bp AL-homology region is present, with only
slight sequence variation, in the BRi NCR of two different
strains of TGMV (Hamilton et al., 1984; von Arnim and
Stanley, 1992), and both are mesophyll-invasive in N.
benthamiana (Saunders et al., 2001). The high degree of
similarity and extent of the sequences suggest that the
AL-homology region was introduced into BRi by recom-
bination with DNA A. This probably occurred in a recent
progenitor of TGMV since the AL-homology region of BRi
is unique to the TGMV strains among all bipartite gemi-
niviruses sequenced to date. Because the AL-homology
region in BRi has biological activity not related directly to
protein coding, it is tempting to speculate that its coun-
terpart on DNA A may have a similar noncoding role in
addition to its function as part of the AL1 ORF. This
sequence on DNA A is located upstream from the likely
TATA-box for the AL23 transcription unit (Sunter et al.,
1989), although its orientation relative to the ORFs is
opposite to that of the AL-homology region in BRi. How-
ever, even a long-range interaction with the AR1 pro-
moter is conceivable (Sunter and Bisaro, 1997), and a
noncoding function unrelated to transcription cannot for-
mally be excluded. Although other geminiviruses lack an
320 QIN AND PETTYAL-homology region in BRi, some are mesophyll-invasive
in N. benthamiana, for example, CabLCV and bean dwarf
mosaic virus (Wang et al., 1996). Thus, the BRi se-
quences of these viruses, although dissimilar, may re-
cruit at least a subset of the same host factors utilized by
TGMV. This possibility would also be consistent with the
ability of CabLCV AL2 to direct mesophyll invasion in
combination with TGMV BRi. Further experimentation
should reveal whether mesophyll invasion by different
bipartite geminiviruses indeed has a common underlying
mechanism.
MATERIALS AND METHODS
Virus isolates
Current taxonomic designations of the viruses used in
this study were assigned according to van Regenmortel
et al. (2000). TGMV refers to a cloned isolate of Tomato
golden mosaic virus from Brazil represented by the plas-
mids pBH401 (DNA A) and pBH604 (DNA B) (Hamilton et
al., 1983). Based on nucleotide sequence similarity and
biological properties, this isolate belongs to strain “yel-
low vein” (von Arnim and Stanley, 1992). BGMV refers to
a Guatemalan isolate of Bean golden mosaic virus–
T
Wild-Type and Hybrid V
DNA component Comments
Wild-type DNAs
BGMV A —
BGMV B Has BRi genotype B5[ ]B3
CabLCV A —
CabLCV B —
TGMV A —
TGMV B —
BGMV-based hybrid A components
BC-AL23 Has CabLCV AL23
BT-AL23 Has TGMV AL23
BGMV-based hybrid B components
BT-BRi Has complete TGMV BRi, ge
BTLR Has TGMV BL1/BR1
BTLR 1 AL
Has TGMV BL1/BR1 and BR
B5[AL]B3
BGMV-based BRi recombinants
T5[AL]T3 See BT-BRi
T5[AL]B3 —
T5[ ]T3 —
T5[ ]B3 —
B5[AL]T3 —
B5[AL]B3 —
B5[ ]T3 —
B5[ ]B3 See BGMV BPuerto Rico represented by the plasmids pGAA1 (DNA A)
and pGAB1 (DNA B) (Gilbertson et al., 1991). CabLCVrefers to a cloned isolate from Florida of a distinct bipar-
tite geminivirus that has been named in the literature as
cabbage leaf curl virus, although not yet recognized with
formal species status (van Regenmortel et al., 2000), and
is represented by the plasmids CabLCV A/pBS (DNA A)
and CabLCV B/pGEMEX-1 (DNA B) (Hill et al., 1998). Note
that results obtained with individual cloned virus isolates
cannot necessarily be extrapolated to all other isolates
assigned to their respective species.
Recombinant viral DNA components
Plasmids containing partial tandem dimers of wild-
type viral DNA components, and BGMV-based hybrids
containing TGMV BRi (BT-BRi), the TGMV AL23 ORFs
(BT-AL23), or the TGMV BL1/BR1 ORFs (BTLR), were
described previously (Table 4). A BGMV-based hybrid A
component with the CabLCV AL23 ORFs (BC-AL23) was
constructed for this study. A 492-bp fragment of the AL23
ORFs with flanking SalI (59) and BstBI (39) restriction sites
was amplified from pCLCVA.003 by the polymerase chain
reaction (PCR) and cloned into topoisomerase-activated
pCR2.1 vector (Invitrogen). The SalI–BstBI fragment con-
taining the CabLCV AL23 ORFs was then used to replace
A Components Used
Plasmid
designation Reference
pGA1.2A Fontes et al. (1994)
pGA1.2B Fontes et al. (1994)
pCLCVA.003
C. G. Peele and D. Robertson,
unpublished results
pCLCVB.002
C. G. Peele and D. Robertson,
unpublished results
pTG1.3A Fontes et al. (1994)
pTG1.4B Fontes et al. (1994)
pBC-AL23 This study
pGTAL2SaBB Gillette et al. (1998)
T5[AL]T3 pGTBRSS Hung and Petty (2001)
pGTLR2 Schaffer et al. (1995)
ype
pGTLR 1 AL This study
pZfGTBRSS39T/B This study
pZfGTBRSS-AL This study
pZfGTBRSS59T/B This study
pGA1.2B59B/T This study
pGA1.2B„BT-AL This study
pGA1.2B39B/T This studyABLE 4
iral DN
notype
i genotthe equivalent region of BGMV in pGA1.2AB (Gillette et
al., 1998) and the resulting plasmid, which contained a
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pBC-AL23.
Plasmids containing partial tandem dimers of BGMV-
based hybrid B components with recombinant BRi se-
quences were also constructed for this study. Plasmid
pGTBRSS, containing BT-BRi, a BGMV-based hybrid with
TGMV BRi, in a derivative of the pNEB193 vector (New
England Biolabs) was described previously (Hung and
Petty, 2001). Prior to site-directed mutagenesis, a bacte-
riophage f1 replication origin was introduced into the
vector sequences of pGTBRSS by exchange of the
1118-bp BglI fragment with the equivalent 1267-bp BglI
fragment from pZf19R (Mead et al., 1986). The resulting
plasmid was designated pZfGTBRSS. Site-directed mu-
tagenesis was conducted on dU-containing single-
stranded DNA of pZfGTBRSS and pGA1.2BXSR, which
has wild-type BGMV BRi (Schaffer et al., 1995), as de-
scribed previously (Petty et al., 1989). Recognition se-
quences for MluI were introduced into BRi at the loca-
tions shown in Fig. 4 to create three restriction site
mutants: pZfGTBRSS-Mlu(a), pZfGTBRSS-Mlu(b), and
pGA1.2BXSR-Mlu. Plasmids containing partial tandem
dimers of BGMV-based hybrid B components with re-
combinant BRi sequences were constructed as follows.
For genotype T5[ ]T3, the MluI–XbaI fragment from BRi to
the 39 end of the BR1 ORF in pZfGTBRSS-Mlu(a) was
replaced with that from pZfGTBRSS-Mlu(b). For geno-
types T5[ ]B3 and T5[AL]B3, MluI–XbaI fragments from
pZfGTBRSS-Mlu(a) or -Mlu(b), respectively, were re-
placed with the 951-bp MluI–XbaI fragment from
pGA1.2BXSR-Mlu. For genotypes B5[AL]T3 and B5[ ]T3,
the 951-bp MluI–XbaI fragment from pGA1.2BXSR-Mlu
was replaced with the MluI–XbaI fragment from pZfGT-
BRSS-Mlu(a) or -Mlu(b), respectively. Finally, recombi-
nant BRi genotype B5[AL]B3 was constructed by replace-
ment of the 1321-bp AatII fragment of B5[AL]T3 with the
equivalent 1381-bp AatII fragment from T5[AL]B3.
A plasmid containing a partial tandem dimer of
BTLR1AL, a BGMV-based hybrid B component with the
TGMV BL1/BR1 ORFs and the recombinant BRi se-
quence B5[AL]B3, was constructed by replacement of
the KpnI–SnaBI fragment comprising BR1, BL1, BLi, and
CR of pGA1.2B„BT-AL with its equivalent from pGTLR2, a
BGMV-based DNA B hybrid that contains the TGMV
BL1/BR1 ORFs (Schaffer et al., 1995). The resulting plas-
mid was designated pGTLR1AL.
Plant inoculation and analysis
Mixtures of plasmids containing partial tandem dimers
of wild-type or hybrid DNA A and DNA B were used to
inoculate N. benthamiana plants by microprojectile bom-
bardment (Schaffer et al., 1995). Inoculated plants were
maintained in growth chambers under the conditions
used in previous studies (Schaffer et al., 1995; Morra and
Petty, 2000). Symptoms on infected plants were recordedat 14 dpi, and systemically infected leaves two nodes
below the plant apex were harvested for analysis. Tissue
samples were fixed with paraformaldehyde, 75-mm sec-
tions were cut with a Vibratome, and DNA in situ hybrid-
ization with DIG-labeled RNA probes was performed as
described previously (Morra and Petty, 2000). A DIG-
labeled RNA probe specific for BGMV DNA A was gen-
erated by transcription of EcoRI-digested pBNS with T3
RNA polymerase (Morra and Petty, 2000). An RNA probe
specific for CabLCV DNA A was generated by transcrip-
tion of BamHI-digested pCR-CAL4.3 with T7 RNA poly-
merase. To make pCR-CAL4.3, the 365-bp CabLCV AL4
ORF (Fig. 1) was PCR amplified and cloned in the sense
orientation relative to the T7 promoter in pCR2.1 (Invitro-
gen). Following DNA in situ hybridization, DIG-labeled
probes were localized using horseradish peroxidase
(HRP)-conjugated anti-DIG polyclonal antiserum (Roche),
subjected to tyramide amplification (DuPont NEN), and
detected with the HRP substrate 3-amino-9-ethylcarba-
zole (Vector Laboratories) as described previously
(Morra and Petty, 2000). Tissue sections were mounted
in 50% glycerol and examined by light microscopy on a
Nikon Labophot-2 using Hoffman modulation contrast
optics. The numbers of virus-infected cells that could be
unambiguously identified as vascular-associated (com-
panion cells, vascular parenchyma, and bundle sheath
cells) or mesophyll (spongy cells and palisade cells)
were scored. Images of sections were captured with a
Nikon U-III SPOT camera mounted on a Nikon Eclipse
800 microscope using differential interference contrast
optics. The gamma of digitized images was adjusted
with Adobe Photoshop software.
Total nucleic acids were extracted from the remaining
portion of the harvested leaf tissue not used for DNA in
situ hybridization and processed as described by Jeffrey
et al. (1996). For quantitative analysis, the concentration
of DNA was determined by fluorimetry in the presence of
Hoechst 33258 dye, and 1-mg aliquots were resolved by
agarose gel electrophoresis and Southern blotting. A
known quantity of cloned BGMV DNA A and B standards
was included on each Southern blot to calibrate the
phosphorimager counts. Blots were hybridized sequen-
tially to probes specific for BGMV DNA B (861-bp NcoI
fragment from BL1/BR1) and DNA A (410-bp NsiI frag-
ment from AR1). Conditions for 32P-labeling of probe
fragments, hybridization, washing, and probe stripping
were as described by Schaffer et al. (1995).
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